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PREFACE 
The enclosed works represents the second part of the review of progress at 
Syracuse University on the program "Fundamental and Experimental Studies of Metallic 
Adhesion." The first part which was presented as a semi-annual report in July 1967 
considered the experimental advances in the investigation of the adhesion between 
metals in physical contact, This report examines the entire field of metallic ad- 
hesion based on observations generated in this laboratory, NASA Lewis, NASA Ames, 
NRC in Cambridge, Massachusetts and Birmingham University, England and attempts to 
separate the pertinent variables which are consistent In each, For example, those 
observations of metallic adhesion made under ultra clean surface conditions are 
not inconsistent with those produced under crude vacuum conditions or in air in- 
vestigations, 
The following presentation is to be submitted for publication with a co- 
author, R. G ,  Aldrich, who helped to rinspire a portlon of this material, 
ABSTRACT 
Metallic adhesion brought about through the normal compression of two reai 
surfaces is considered. The process of real area'expansion to accept the im- 
pressed load results in the plastic deformation of asperities even before micro- 
plastic deformation is initiated, The- size distribution of the asperities is 
Gaussian in form, hence some contact points-supporting-the load will have.ex- 
perienced nearly 100% deformation while others may have only-received weak elastic 
interactions. The rate of dispersal of the contaminant barrier which inhibits 
high adhesion strengths has been shown to be a function of the degree of.substrate 
deformation irrespective of the amount or the character of the contaminating 
layer. The mechanism of metallic adhesion, therefore, is directly dependent on 
the available energy inputs to the interface, e,g., mechanical, thermal,.etc,, 
which can bring about comple'te dispersal 3f the interfacial contaminants, At 
compresssive loads which are not sufficient to permit the equation of the real 
area of contact and nominal area of contact, the system must be considered a multi- 
point contact problem with the resistance to fracture of each point contact de- 
pendent on the prior history of that point, 
INTRODUCTION 
The extent of the open literature directed toward e.xming the variables 
of what has come to be known as metallic adhesion has reached rather significant 
proportions as indicated by some recent reviews on the subject (1-7), A critical 
examination of these presentations, however, immediately exposes a rather in- 
teresting situation, It appears as if each experimenter or technique, since each 
school seems to have a unique experimental approach, produces data and often 
complete interpretations which do not appear simply consistent with those con- 
clusions of his colleagues. The situation is immediately evident if one were to 
examine the data and conclusions of Sikorski ( 4 )  who studied the adhesion of metals 
-L- 
us ing  " in  a i r "  experiments,  and those  of B ~ c k l e y  (8) who gene ra l ly  uses  u l t r a  high 
vacuum techniques ,  The c o n c l u s l m s  at each,  f o r  t h e  most p a r t ,  a r e  s i m i l a r ,  The 
experimental procedures ,  however, a r e  s o  r a d i c a l l y  d i f f e r e n t  t h a t  one h e s i t a t e s  
t o  e s t a b l i s h  a l i n e  of conslatency between t h e  two, The purpose of t h e  fol lcw- 
ing  d i scuss ion  i s  t o  e x m l n e  t h e  p e r t ~ n e n t  v a r i a b l e s  of t h e  phenomena of m e t a l l i c  
adhesion i n  a most gene ra l  f a sh ion ,  c o r r e l a t e  r h e s e  p s r m e t e r s  wi th  c u r r e n t  in -  
v e s t i g a t i v e  work and t o  e s t a b l i s h  a  s e t  o f  boundary condi t ions  on f u t u r e  ana lyses  
of s i m i l a r  d a t a ,  The experimental paper which fo l lows ,of  NASA Report 7/68, pro- 
v ides  one experimental a t t a c k  which holds cons iderable  promise i n  t h e  i d e n t i f i c a -  
t i o n  of some of t h e  v a r i a b l e s  which w i l l  b e  c i ~ e d  h e r e i n ,  
Two m e t a l l i c  su r f aces  bro7~ght i n t o  phys i ca l  c ~ n t a z t  a r e  u sua l ly  s a i d  t o  ex- 
per ience  "me ta l l i c  adhesion" if s n  observable n e t  t e n s l i e  l ~ a d  i s  r equ i r ed  t o  
s epa ra t e  t h e  joined system (7). The magn~tude  of m e t a l l i c  adhesion i s  dependent 
on t h e  phys i ca l  and chemical p r o p e ~ t i e s  ot  t h e  meta ls  (9-121, t h e  na tu re  and ex- 
t e n t  of loading (1) and t h e  - h a r a c t e r l s t l e s  of t h e  contaminant l a y e r s  p r e s e n t  on 
a l l  bu t  a tomica l ly  c l ean  meta l  su r f aces  (121,  General ly ,  t h e  contac t ing  process  
involves t h e  e l a s t i c  and p l a s t i 2  def9smation a f  su r f ace  a s p e r i t i e s ,  deformation 
of  t h e  bulk  s u b s t r a t e ,  and t h e  rup tu r ing  and d i s p e r s a l  of contaminant s u r f a c e  
f i l m s  ( 1 3 ) "  I f  t h e  emtaminant  b a r r i e r  csn be sufficiently dispersed ,  t h e  en- 
suing metal-metal con tac t  along t h e  i n t e r f a c e  r e s u l t s  i n  a  welded Junct ion ,  t h e  
t e n s i l e  s t r e n g t h  of whlch may approach t h a t  of t h e  bulk  meta l  (71,  The con- 
c lu s ion  t h a t  s i m i l a r  meta l  couples  weld under near  zero contac t  normal l oads  
providing bo th  su r f aces  a r e  i n  t h e  s t d t e  of atomic c l e a n l i n e s s  has been w e l l  
accepted i n  adhesion l i t e r 6 t u r e  : 7 , 1 4 )  and w m l d  be predicted from u l t r a  h igh  
vacuum ep i t axy  s tud ies  using Low energy e l e c t r o n  d i f i r s e f i o n  equipment (151% 
adsorp t ion  s t u d l e s  (16) and o the r  ~ n v e s t i g a t i o n s ,  
Adhesion s t u d i e s  which have anvolved d e l i b e r a t e  gaseous contaminat ion,  e . g , ,  
c f .  Gf lbrea th  (171, from a f r a - t i o n  of a  monoiayer t o  ambient atmospheric can- 
d i t i o n s  p re sen t  an a n a l y t i c a l  problem which is most er~mplex, Very simply, t h e  
mechanical compressave f o r c e s  producing phys i ca l  contac t  through a s p e r i t y  deform%- 
t i o n  wi th  o r  without subsecpent bulk s u b s t r a t e  d e f ~ r m a t i o n  can a c t  t o  d i s p e r s e  
t h e  contaminant b a r r t e r  sn t s  an i n e f f e c t i v e  s t a t e ,  whizh permits  metal-metal 
contac t  reg ions  to be e s t a b l i s h e d  whbch i n  t u r n  r e s i s $  t e n s i l e  f r a c t u r e  on un- 
l oad ing ,  The d i s r v p t l v e  rneshanacal ro rces  a c t i n g  wi th ln  t h e  i n t e r f a c i a l  zone; 
o r  more g e n e r a l l y ,  t h e  mechanical work ~ m p a r t e d  t o  t h e  i n t e r f a c e  i s  only one of 
s e v e r a l  energy t r a n s f e r  me-hanlsms whi#ch can provide :ontaminant b a r r i e r  d i s -  
p e r s a l ,  For example, inzseased  $hema1  energy could cause evapx-a t ion  o r  d i s -  
s o l u t i o n  of t h e  con tm~inan t  l a y e r ,  o r  shock wave energy e i t h e r  from explosfve 
impact o r  an u l t r a s o n i c  source could a l s o  a c t  a s  energy inputs  which could pro- 
mote contaminant d i s p e r s a l  a long t h e  ~ n t e r f a c e ,  The only systems which s h a l l  be 
considered h e r e i n ,  hsweves, a r e  t hose  which a r e  praduced by normal compressive 
loading  under ambrent condltLons, 
The d e s c r i p t i o n  of m e t a l l i c  adhesion phenomena i n  r e a l  systems under bu lk  
compressive loads  correspond.ing t o  l e s s  than  a  10% deformation of t h e  massive 
coupled system r e q u l r e s  a  c l e a r  d e s c r i p t i o n  ~f  *,he micro morphology of  each of  
t h e  two f r e e  su r f aces  before  c a n t a c t ,  The d e s c r i p t i o n  i s  necessary t o  provide 
a  d e f i n i t r o n  of t h e  r e d  a r e a  of contacts relat i : ie  t o  t h e  massive system geometry, 
This has  been presented  r e c e n t ~ y  by Greenwood (18 1 as a  d i s t r i b u t i o n  func t ion ,  
t h e  exact  form s f  whi-h d e p e n d ~ d  ;n *,he prior hls%c,ry of t h e  s u r l a c e ,  The macro- 
r a d i i  of cu rva tu re  31 t h e  surfs,-es must also b e  :onsidered, A s  has been suggested 
by many authors, c f ,  a rerent  revlew by Bowden and Tabor (19j, a reasonable sur- 
face roughness model zonsists =f a large diameter sphere contacting a flat or 
second sphere upon which are superimposed asperixres the size and shape of whieh 
are dependent on the surf ace f ini shang techniques utili zed before contact. For 
example, metallographic polishing techn~ques on the harder metals may result 
in a hill and valley contour in whieh the hill-valley depth is less than a micron 
and the peak to peak distance is i n  the reinge of a micron, The consequences which 
result when two such nominally r~i~gh svrfazes are brought into physical contact 
under rather specific condlr~~ns have been rev~ewgd by Greenwaod and Williamson 
(13 1, Greenwood (18) and Kragels~y et al 120 j , The generally accepted model f o ~  
surfaces in contact under a specit%: Icad is that the hlghest of the asperities 
which can be represented by a Gaussian distribution af heights will yfeld 
plastically until a sufficient, rider 3f asperities h8'f~e been ~nterrupted to 
accept the impressed load, Due ts the very small slze of" the asperities such 
plastic deformation on a micro-sra2e will 3 c ~ u ~  well bef~re the onset of what 
is classically considered b d ~ k  pla;r~c defarmation, Since the uniqueness of the 
surface asperity configuration is retained unxll rather high compressive forces 
are realized (21) e O ~ C ,  s m e  (22) have suggested the range of at least 10% bulk 
deformation f o ~  Slat surfaces, the real area of the interfazial system will c m -  
sist of islands of vareous sizes surrounded by reglons of noncontact, The real 
area of physical contact and the nominal area of contact are, therefore, quite 
different for all but the most seveuely ioaded systems, Since surface mass 
transport must be involved, i,e, plastic deformataon, creep or the varlation of 
real area with 13ad ~ i m e  w s l l  a l s3  be ~nvolped in the expansion of the real c2n- 
tact area (231, The real area of .sontact w r i l  then be a function of the nature 
of t h e  meta l ,  impressed load ,  t ime,  and temperature which has been s u b s t a n t i a t e d  
by hardness  measurements (24) and e l e c t r i c a l  contac t  s t u d i e s  ( 2 5 ) .  Without 
ques t ion  t h e  most important aspec t  of" t h e  s tudy  of m e t a l l i c  adhesion i s  t h e  
d e f i n i t i o n  of t h e  r e a l  a r e a  of con tac t  w i th  r e spec t  t o  i t s  magnitude and con- 
s t i t u t i o n  s i n c e  t h e  f r a c t u r e  s t r e n g t h  of t h i s  adhesion junc t ion ,  t h e  only 
measure of m e t a l l i c  adhesion s C a b i l i t y ,  i s  dependent on t h e  r e a l  s t r e s s e s  de- 
veloped wi th in  t h i s  r e a l  a r e a  during t h e  unloading p roces s ,  
As i s  ind ica t ed  I n  a review of t h e  r e c e n t  S i t e r a t u ~ e  (1-7) most adhesion 
s t r e n g t h  d a t a  which has been presented  f n  t h e  l i t e r a t u r e  have involved only 
r e f e rence  t o  t h e  f r a c t u r e  l oad  pe r  u n i t  of nominal a r e a  of c o n t a c t ,  Let u s ,  
t h e r e f o r e ,  cons ider  t h i s  a spec t  i n  more d e t a i l ,  
The process  of adhesion may be considered a s  being comprised of two s t e p s ,  
i . e .  two f r e e  su r f aces  a r e  brought inzo  phys i ca l  contac t  and subjec ted  t o  a 
compressive load ,  and t h e n ,  t h e  appl led  l o a d  L o  t h e  system i s  removed, p o s s i b l y  
t o  some t e n s i l e  l o a d  r e p r e s e n t u g  a nominal adhesion junc t ion  s t r e n g t h .  The 
e n t i r e  process  i s  d i r e c t l y  dependent on t h e  na tu re  and ex ten t  of t h e  r e a l  a r e a  
of con tac t  and t h e  f r a c t u r e  s t r e s s e s  developed %here in ,  
Numerous sugges t ions  based on macro-observat ims have been presented  which 
r e l a t e  t h e  r e a l  a r e a  of  contac t  ( A )  t o  t h e  impressed load  (w)  (19, 22, 2 3 ) ,  
I n  a most gene ra l  form t h i s  can be gaven a s  
where k and x a r e  r e l a t e d  t o  t h e  p a r t i c u l a r  deformation process  involved i n  
expanding t h e  load-support ing a r e a  a s  t h e  load  i s  ancreased o r  t h e  t ime i s  ex- 
tended a t  a f i x e d  load ( c r e e p ) o  Thus, t h e  va lue  of k i s  d i r e c t l y  r e l a t e d  t o  & 
- 
through t h e  p roces s ,  Under l i g h t l y  loaded cond i t i ons ,  e m g o ,  l e s s  than  t h e  bulk  
compressive y i e l d  pofnn of t h e  m a t e r i a l  i n v o l v e d , i n  con tac t ,  such an a r e a  ex- 
pansion process  w i l l  involve  a  number of i n d i v i d u a l  a s p e r i t i e s  which w i l l  have 
a d i s t r i b u t i o n  i n  s i z e  and p o s i t i o n  along t h e  contac t ing  i n t e r f a c e  a s  w e l l  a s  
a  r e l a t i o n s h i p  t o  massive geometr ical  e f f e c t s  such a s  t h e  o v e r a l l  r e l a t i v e  
r a d i i  of curva ture  of t h e  two macrosc5pic systems. Consequently as t h e  l o a d  
i s  impressed, t h e  loading  condi t fons  on each i n d i v i d u a l  a s p e r i t y  and r e l a t i v e l y  
between ad jacent  a s p e r i t i e s  w i l l  be unique, t h a t  i s ,  a t  equi l ibr ium some as- 
p e r i t y  con tac t  p o i n t s  may have been sub jec t ed  t o  nea r ly  100% deformation while  
o t h e r s  may have only experienced a low l e v e l  e l a s t i c  c o n t a c t ,  A more complete- 
gene ra l  express ion  f o r  t h e  r e a l  a r e a ,  t h e r e f o r e ,  ought t o  be  a summation of t h e  
con t r ibu t ions  from each a s p e r i t y  i n  %he con tac t  system wi th  regard  t o  each 
a s p e r i t y  t ype  ( i )  i n  t h e  i n t e r f a c e  system and t h e  r e spec t ive  geometry ( j )  of 
t h a t  a s p e r i t y  a 
E x p l i c i t  f n  t h i s  equat ion a r e  two necessary assumptions which appear 
reasonable b u t  which have not  been j u s t i f i e d  experimental ly .  F i r s t l y ,  it i s  
assumed t h a t  each a s p e r i t y  deformation i s  a u n i t  p rocess ,  i . e .  not r e l a t e d  t o  
t h e  ad jacent  a s p e r i t y  and a s  such, fol lows a simple power l a w  of deformation- 
s i m i l a r  t o  t h a t  observed i n  macro-systems , Equation ( I ) ,  t h e r e f o r e ,  i s  r e -  
p r e s e n t a t i v e  of one u n i t  p rocess  and not  generated through an averaging process  
of s i g n i f i c a n t l y  d i f f e r e n t  micro-processes, The second assumption which i s  
necessary and y e t  unproven, i s  t h a t  t h e  r e p r e s e n t a t i v e  equat ion i s  cons tan t  
throughout an asperity deformation process irrespective of the percent deforma- 
tion which is experienced by that unit process. Since geometrically perfect 
surfaces can-not be generated in dimensions below micro-anches on real surfaces, 
it is unlikely that proofs will be presented in the immediate future, Con- 
sequently, we must rely on macro-scale observations to provade a possible path 
for interpretation, As an example of the problem facing the aaabyst, let us con- 
sider a simple hardness experiment in which the indenter is assumed Lo represent 
and asperity unit process, If %he load (W) is sufficient to cause general 
plastic transport under the indenter, the projected area (A ) has been shown (26) 
P 
to be approximately 
where (m) is a material constant very nearly equal to m e  and ( Y )  the yield point 
of the material, The reasonably valid assumption necessary for this macro- 
approximation, but not necessarily valid for a similar micro-process is that 
surficial contaminants will not effect the plastic Tlow process, Such is not 
the case on two accounts; firstly, the apparent proJected area represents only 
a fraction of that real area supporting the load due to the effect of asperities 
as pointed out by Williamson, el; aloj21). Secondly, the very flow processes 
occurring along the interface of the indenter which are necessary to expand the 
area are mas* sensitive to the lubricative properties of the contaminants which 
aid or restrict the materlal flow along the interface, The phenomena has been 
clearly demonstrated during the obseivarion of the sensitivity of hardness 
measurements to surface Lubricants (27)" Gane et al0(28) also has shown that 
our knowledge of the mechanical propertaes ~f metal surfaces on a micro-scale 
are not clearly understoad, 
Although the presentation of Equation (3) rests on some rather nebulous 
assumptions regarding the behavior of the indi~idual asperity, it does bring 
forth the recognition that physical eontact behavior is the result of a multitude 
of such interactions with plastis deformations ranging from near 100% to those 
near forceless contact, More specifically, the interface system has been placed- 
in a rather complex state of stress which may per unit volume be resolved into 
El  r two components a,) the applied stress (a ) and b.) the residual stress (a ) ,  
As the flow stress in a unit volume of the material is exceeded that unit 
volume will deform plastically- In an implicit manner the model suggests that 
an absolute correlation of adhesion data with atomic properties, structure of 
the material, or defect mechanics requires a rather adventurous extrapolation, 
if any but the most gross generalizations are involved, 
The instant that any frsction of the compressive load fs removed from the 
system, each unit of area supporting that load will be subjected to a new stress 
relative to the fraction of the applied load removed from that unit area and 
also the availability of residual stresses ad3aeent to the unit area under con- 
sideration. Sf such a unit area is exposed to a tensile stress which exceeds 
some critical fracture stress (oc) the unit area will separate, i,e, permit 
crack propagation, which in tuxn will relieve a portion of the accumulated 
stresses. The condition for fracture per uniz area can be presented as 
Under r e l a t i v e l y  l i g h t  c ~ n t a c t  l oads ,  i , e ,  very  s m a l l  bulk deformations, much 
of t h e  r e a l  contac t  a r e a  w i l l  be  s~ ibJec t ed  t o  r a t h e r  severe  s t r e s s  concentra- 
t i o n s  of nea r ly  f n f l n i t e  sharpness  due t o  t h e  presence of vo ids  along t h e  in-  
t e r f a c e ,  A c a r e f u l  s t r e s s  a n a l y s i s  of t h e  system mlust c ~ n t e n d  wi th  t h i s  f a c t o r  
( 2 9 ) .  The magnitude of t h e  c r i t i c a l  f r a c t u r e  s t r e s s  i s  r e l a t e d  d i r e c t l y  t o  t h e  
phys i ca l  p r o p e r t i e s  of t h e  m a t e r l a l  through which t h e  crack must propagate ,  a n d - '  
a s  a  consequence i s  extremely s e n s i t i v e  t o  t h e  s t r u c t u r e  %nd temperature of t h i s  
phase a s  w a s  emphaszzed by G i h a n  ( 3 0 ) .  For example, t h e  c r ~ t i c a l  f r a c t u r e  
s t r e n g t h  of a pure m e t a l l i e  Junc t ion  can be compared T O  t h a t  of a c lean  g r a i n  
boundary wi th in  t h e  bulk meta l  while  c r i t i c a l  f r a c t u r e  s t r e s s  of a  Junc t ion '  " " 
completely contaminated wi th  an organic  o i l  aught t o  be compared t o  t h a t  of t h e  - 
organic m a t e r i a l  and not  t3 %ha t  of a meta l ,  A more extreme s i t u a t i o n  can be  
envisioned i n - t h e  case  of very l i g h t l y  loaded r eg ions  along t h e  i n t e r f a c e  be- 
tween two g l a s s  p l a t e s  i n  which t h e  adsorbed water  i s  not  e n t l r e l y  d i s s i p a t e d  
i n  t h e  compression p roces s ,  I n  e o n c l u s ~ o n ,  t h e  u n i t  a r e a  r e s i s t i n g  f r a c t u r e  can 
vary  from some va lue  approaching t h e  bulk s t r e n g t h  of t h e  metal  involved i n  t h e  
m e t a l l i c  couple t o  neala zero depending on t h e  in-telaf"acial m a t e r i a l  and t h e  de- 
g ree  of i t s  d i s p e r s i o n ,  Furthermore, f r a c t u r e  of  a small  u n i t  a r e a  can occur 
even though t h e  o v e r a l l  system i s  s t i l l  i n  a  s t a t e  of compresssion a s  long a s  
t h e  corresponding app l i ed  load  i s  l e s s  t han  t h e  maximum load  experienced by 
t h e  system duping t h e  compression mode of t h e  adhesion process .  FOP example, 
t h e  add i t i on  o r  d e l e t i o n  of app l l ed  Load only e y f e e t s  (cra) i n  a  u n i t  a s p e r i t y  
process ,  o r  micro-unit  volume adjacent  t o  the  i n t e r f a ~ ? e ,  Under c e r t a i n  c i r -  
cumstances, t h e  r e s f d u a l  s t r e s s e s ,  whlch t o  a degree a ro  independent of t h e  
appl ied  s t r e s s e s ,  could e f f e c t  a  high t e n s i l e  s t r e s s  In a micro-unit volume 
even though o the r  reg ions  of t h e  cgn tac t  a r e a  a r e  bea r ing  t h e  compressive load ,  
Such was c l e a r l y  i d e n t i f i e d  by Bowden and Tabor ( 1 )  i n  % h e i r  d i scuss ions  of 
" r e l eased  e l a s t i c  s t r e s s e s "  during hardness measurements, 
Again, t h e  most important parameter of t h e  pracess  i s  t h e  d e f i n i t i o n  of 
t h e  u n i t  a r e a  over which t h e  c r i t i c a l  f r a c t u r e  s t r e s s  must opera te  and aga in  
some r a t h e r  extreme s imp l i fy ing  assumptions i n  t h e  model must be  made s i n c e  
we must cons ider  t h e  r e a l  con tac t  a r e a  of a one a s p e r i t y  contac t  t o  be homo- 
c  geneous i n  o even though it i~ c l e a r  t h a t  t h i s  need n a t  n e c e s s a r i l y  be  t r u e  
t h e  case  f o r  any except t h e  i d e a l l y  c l ean  m e t a l l i c  adhesion system, I f  we 
make t h e  f u r t h e r  s impl i fy ing  assumption t h a t  t h e  s t r e s s  s t a t e  i s  unique and 
homogeneous wi th in  each a s p e r i t y  contac t  reg ion  then  we can r ep resen t  t h e  
second h a l f  of t h e  adhesion cyc le  a s  an equat ion based on ( F  = a A )  where t h e  
f o r c e  ( F )  on t h e  i n t e r f a c e  of a one a s p e r l t y  con tac t  I s  given by t h e  nominal 
c  
s t r e s s  ( a )  p e r  u n i t  r e a l  a r e a  ( A )  such t h a t  f r a c t u r e  ensues when a > o . I n  
order  t h a t  a l l  of t h e  a s p e r i t i e s  lnvolved i n  one adhesion i n t e r f a c e  a r e  con- 
s i d e r e d ,  a summation can aga in  be appl ied  f o r  t h e  t o t a l  f a r c e  (F ) T 
where a i s  t h e  e f f e c t i v e  s t r e s s  developed on t h e  iJth a s p e r i t y  Junc t ion  with i 
a  r e a l  a r e a  A and t h e  t o t a l  f o r c e  r ep re sen t s  t h e  e f f e c t s  of n  j unc t ions ,  The i j 
f r a c t u r e  of t h e  Qth junc t ion  w i l l  occur when some c r i t i c a l  s t r e s s  (a" )  i s  ex- 
ceeded i n  t h a t  micro-volume of t h e  Junct ion  which w i l l  permit a crack t o  move 
a, r 
thus  r e l e a s i n g  t h e  accumulated appl ied  ( a  ) and t h e  r e s i d u a l  s t r e s s e s  ( a  ) a s  
i nd ica t ed  i n  Equation (4), The n e c e s s i t y  f o r  s tudying t h e  f r a c t u r e  process  on 
a  s i n g l e  ( i j  t h )  a s p e r i t y  b a s i s  becomes ev iden t ,  i f  one cons iders  t ha t  t h e  r e a l  
a r e a  of con tac t  i s  made up of con tac t  p o i n t s  i n  varying degrees of deformation - 
and f u r t h e r  t h a t  t h e  contaminant d i s p e r s a l  e-frect r e s u l t f n g  i n  a  m e t a l l i c  ad- 
hesion bond s t r e n g t h  between t h e s e  two p o i n t s  can be presented  a s  a func t ion  
of t h e  contaminant a s  we l l  a s  t h e  percent  deformation t o  which t h e  m e t a l l i c  
system has  been sub jec t ed ,  Since t h e r e  i s  no d i r e c t  evidence on p r e c i s e l y  how 
an a s p e r i t y  undergoes g ros s  deformation i n  a su r f ace  system while  sub jec t ed  
t o  compressive loading  and it i s  through j u s t  such a  process  t h e  contaminant 
b a r r i e r s  t o  adhesion a r e  removed, t h e  examination of bulk d i s p e r s a l  mechanisms 
ought t o  provide some i n s i g h t ,  The rol l -bonding s t u d i e s  by Milner e t  a 1 . ( 3 )  
se rve  a s  a simple example, Such adhesion s t u d i e s  a r e  s i g n i f i c a n t  on ly  i f  we 
presume t h a t  s i m i l a r  processes  could be o p e r a t i v e  a t  t h e  s c a l e  of a s p e r i t y "  
The Milner experiments involved t h e  r o l l f n g  of  two s l a b s  of meta l  i n  a i r  t o  
some degree of  bu lk  deformation and then  t e s t i n g  t h e  i n t e r f a c e  bond in s h e a r ,  
I n  t h i s  case  our  assumptions a r e  probably more nea r ly  c o r r e c t  s i n c e  f o r  t h e  
most p a r t  t h e  r e a l  a r e a  of con tac t  i s  expanded under condi t ions  of cons tan t  
a v a i l a b i l i t y  of  contaminants and chemical r e a c t i o n  r a t e s  tending  t o - d i s p e r s e -  . ,  
t h e  oxide contamihant l a y e r ,  A po r t ion  of t h e  voluminous d a t a  developed by 
Milner from rol l -bonding s t u d i e s  of va r ious  meta l  couples i s  presented  i n  
F igure  1, The numerous d a t a  p o i n t s  d e l i n e a t i n g  t h e s e  curves i n  t h e  o r i g i n a l  
d a t a  were l e f t  out  here  f o r  convenience, The curves i l l u s t r a t e  s e v e r a l  s i g n i -  
f i c a n t  p o i n t s  regard ing  one p o s s i b l e  mechanism f o r  t h e  d i spe r s ion  of oxide f i b s  
between t h e  two meta l  s u r f a c e s ,  F i r s t l y ,  l e t  u s  consider t h e  case  of aluminum 
i n  which t h e  v a r i a b l e s  of temperature,  r o l l i n g  speed and su r f ace  s t r u c t u r e  a r e  

- 
-lZ- 
held  c o n s t a n t ,  The curve i n d i c a t e s  t h a t  a t h re sho ld  of about 40% bulk deforma- 
t i o n  i s  r equ i r ed  be fo re  any bond s t r e n g t h  i s  observed, Between 40-45% defor-  
mation, t h e  d i spe r s ion  r a t e  of t h e  oxide ,  a s  w e l l  as t h a t  of t h e  adsorbed gas 
i s  qui te  r a p i d  a s  is ind ica t ed  by t h e  inc rease  i n  t h e  shear  s t r e n g t h  of t h e  
system, i , e ,  a s i z e a b l e  f r a c t i o n  of t h e  r e a l  s t r e n g t h  of aluminum, A t  deforma- 
t i o n s  g r e a t e r  t han  45%, t h e  oxide d i s p e r s a l  process  seems t o  fo l low a l i m i t i n g -  
curve which i s  r e p r e s e n t a t i v e  f o r  t h e  a t h e r  meta ls  shown, The i n t e r f a c i a l  
s t r e n g t h  compares favorably  wi th  t h e  bulk  meta l  s t r e n g t h  above 80% d e f o ~ m a % i o n ~  
It i s  i n t e r e s t i n g  t o  compare t h e  aluminum curve with t h a t  of l ead  s i n c e  t h e  
deformation th re sho ld  f o r  l e a d  i s  only 8% deformation ye% l e a d  encounters t h e  
same l i m i t i n g  curve [o,o-A] a s  t h a t  experienced by Sn, A l  and Cu. What i s  
suggested by t h i s  s e t  of curves i s  t h a t  a f t e r  t h e  b r i t t l e  oxide l a y e r  i s  f r a c -  
t u r e d  ( 3 1 ) ,  i . e .  d e f ~ m a t ~ f o n  t h r e s h o l d ,  which 1 s  dependent on t h e  s u b s t r a t e  
material-oxicle c h a r a c t e r i s t i c s ,  a l i m i t l n g  r a t e  process  of contaminant-dis-  
p e r s a l  i s  a t t a i n e d  which i s  dependent on t h e  degree and type  of deformation 
and independent of t h e  m a t e r i a l  which i s  involved,  Since t h e s e  systems were 
prepared i n  a s i m i l a r  manner (wire  brushing and severe  r o l l i n g ) ,  one might - - 
suspect  t h a t  t h e  l i m i t r n g  oxide d i s p e r s a l  i s  a func t ion  of a s p e r i t y  i n t e r a c t i o n  
( l i g h t  loads  ; <20% def o m a t  i o n )  and metal  flow p a t t e r n s  along t h e  i n t e r f a c e  - under 
t h e  severe  r o l l i n g  cond i t i ons .  I n  comparing t h e s e  d a t a  with normal loading  in -  
t e r f a c e  con tac t  model under discussion, it i s  u n r e a l i s t i c  t o  c a r r y  t h i s  analogy 
t o o  f a r  s i n c e  i n  a simple contac t  process  ex t rus ion  type  f low,  i , e ,  p a r a l l e l  
t o  i n t e r f a c e ,  Would not  be  expected t o  such a severe  e x t e n t ,  Mrlner e t  a l o  
have c l e a r l y  examined o t h e r  models of energy i n p u t ,  e m g o ,  t h e  deformation t h r e s -  
hold decreases  wi th  inc reas ing  temperature and ex tens ion  of t h e  dura t ion  of 
exposure to roll pressure, They have also examined the effects of Limiting 
contaminants, e,g,, the defsrmation threshold of aluminum was reduced to 
about 2% by brushing in medium range vacuumo The softer metals indicated a - 
lower deformation threshold except for magnesium which did not respond to the 
simple analysis as presented for Figure 1 since the limiting curve was very-low, 
Although roll-bonding studies do not simply represent the state of affai~s" 
in a normal contact problem, they do clearly demonstrate the contaminant" 
dispersal effect that has been interjected lnto the contact fracture argument, 
Vacuum adhesion studies presented by Hordon (32) in Figure 2 were obtained by 
wire brushing two small flat plates of the respective metals in very high vacuum 
(1 n~orr), sQbjecting the plates to near normal loading and then testing the 
welded system in tension, The data are shown as the relative strength of the 
interface bond ( S  ) to the yield strength of the material ( S  ) based on the R Y 
nominal area of coneact which is compared to the normal loading force ( S  ) N 
ratio with S The general character of the curves is precisely what would be Y o  
predicted. For example, the natural surface roughness of the samples insures 
asperity interaction which will provide exceedingly small real area of contact 
until at least a few percent plastic deformation is attained, i,e, a nominal load 
in excess of the yield polnt; 1,0 on the absclssa of Figure 2 ,  It is evident 
that normal loading does not provide the rapid oxide dispersal which accompanied 
roll-bonding exper~ments as indicated by the lack of a simple symmetrical limit- 
ing curve. More severe interfacial dispersing is, however, observed in the 
softer metals N 1  and Cu when compared to the harder metals Co, Ta, and Ti" 
Hordon also observed that by increasing the ambient temperature the bond strength 
at a fixed load was also increased The amount of c?ntaminalion present on the 

wire  brushed metal  su r f aces  i n  u l t r a  high vacuum (~o-rdon)  was impossible t o  
a s c e r t a i n ;  however, t h e  degree was c e r t a i n l y  cons iderably  l e s s  t han  t h a t  p re sen t  
i n  t h e  roll-bonding experiments ,  Due t o  t h e  f a c t  t h a ~  no technique has been 
succes s fu l ly  app l l ed  t o  a s c e r t a i n  t h e  exact  amount, o r  c h a r a c t e r ,  of t h e  con- 
taminant phase a v a i l a b l e  f o r  t h e  i n t e r ~ u p t i o n  ~f adhesion during t h e  s tudy of 
i n t e r f a c e  bond s t r e n g t h  r e l a t i v e  t o  f r a c t i o n  of  deformation another  important 
unknown r e l a t l v e  t o  our system f s  exposedo 
Since t h e  r e a l  a r e a  of  can tac t  iormed i n  t h e  con tac t  zone during t h e  
compressive mode ( ~ ~ u a t i o n  2 )  of xhe adhesion t e s t  i s  P d e n ~ i c a l  t o  t h a t  operated 
upon during t h e  removal of t h e  compressive fo rce  ( ~ ~ u a t i o n  5 )  and poss ib ly  t h e  
same a s  t h a t  during t h e  t e n s i l e  t e s t  of t h e  adhesion junc t ion ,  t h e  t o t a l  i n t e r -  
f a c i a l  f o r c e  may be w r i t t e n  as :  
where k must be evaluated under t h e  condi t ions  of x whi?h 1 s  due t o  t h e  de- 
formation process  involved at t h e  ij t h  a s p e r i t y <  FOP example, i f  t h e  i j  t h  
a s p e r i t y  i s  undergoing simple p l a s t i c  deformation r n  compression, we might 
I 
assume (k = --) and ( x  = 1); however, i f  t h e  i j  t h  a s p e r i t y  i s  under t ens ion  
3Yw 
max 
x = O a n d k = -  3Y might be assumed as a f i r s t  approximation u n t i l  t h e  c r i t i c a l  
c 
s t r e s s  ( o  ) i n  t h e  i j  t h  a s p e r i t y  i s  exceeded, Under any circumstances when 
t h e  compressf-cre l oad  i s  reduced i n f i n i t e s i m a l l y  port5ons of t h e  system may be 
exposed t o  a t e n s r l e  s t r e s s  even though t h e  e n t i r e  system 1 s  s t i l l  considered 
a s  being under a eompresslve l o a d .  If t h e  tens iLe  s t r e s s  experienced by t h e  
a s p e r i t y  con tac t  a r e a  exceeds t h e  c r l t i c a i  rra:tuue s t r e s s  ( a C )  of t h e  i n t e r f a c e ,  
a c rack  w i l l  propagate through rbat reg ion  t o  r e l i e v e  che i n t e r n a l  s t r e s s  bu t  
a  
w i l l  s t o p  when t h e  ba lance  ( a c  = 3 + or! 1 s  achieved, 
The p a t h  of t h e  crack w i l l ,  of course ,  fo l low t h e  pa th  of l e a s t  re -  
s i s t a n c e  whieh w i l l  couple a mfnfmfza-tfon ormole=.uEar  bond s t r e n g t h s  w i t h - a  
maximization of r eg iona l  t e n s i l e  s t r e s s ,  The chemical composition, t h e r e f o r e ,  
of t h e  f ~ e e  su r f aces  r e s u l t i n g  from f r a c t u r e  can n9e simply r ep re sen t  t h e  pre- 
con tac t  su r f aces  s ince  m a t e r i a l  t r a n s f e r  i s  expected i n  a l l  c a s e s ,  For example, 
i n  t h e  case  of severe ly  oxidiz,ed meta l  su r f aces  adheslon should be expected be- 
tween some of t h e  oxiiie p a r t i c l e s  i n  c a n t a c t ;  howevex, on f r a c t u r e  t h e  pa th  of 
l e a s t  t e n s i l e  f o r c e  r e s i s t a n c e  may not inc lude  such adhesion junc t ion ,  Ma te r i a l  
t r a n s f e r  would r e s u l t ,  A s z t u a t i o n  q u i t e  s l m i l a r  t o  t h i s  s t a t e  of a f f a i r s  
was c l e a r l y  descr ibed  by Bowden and Tabor ( I )  i n  t h e l r  discussion of " re leased  
e l a s t i c  s t r e s s e s "  during narmal hardness measurements, Johnson and KeiXer f 9, 1 0 )  
a l s o  r epo r t ed  a  s i m i l a r  phen3mena i n  adhesion s t u d i e s  between s i m i l a r  and dfs -  
s i m i l a r  couples under contaminated c3nd l t i ons0  
c  I f  a  very  weak boundary e x i s t s  a l l  a long t h e  i n t e r f a c e ,  e , g , ,  a i s  very  
smal l ,  a p l o t  of t h e  v a r l a t f o n  of  contac t  a r e a  wl th  a-pplled load  from maximum 
load t o  zero  load  should very nea r ly  superimpose on t h e  loading  curve provided 
no massive p l a s t i c  flow of e i t h e r  system has been e f f e c t e d ,  P l a s t i c  f low would 
provide a  l a r g e r  r e a l  a r e a  of contac t  on unloadxng than  was a v a i l a b l e  on load- 
ing depending on t h e  magnitude of r e s i c i :~a l  e l a s t l z  s t r e s s e s  i n  t h a t  r eg ion ,  
Next, l e t  u s  cons ider  t h e  r e a l  a r e a  of cont,acr developed between two atom- 
i c a l l y  c l ean  su r f aces  such that, each con tac t  posnt becomes a  welded junc t ion;  
a  case  whieh c l o s e l y  ~ ~ e s e m b l e s  a c lean  g r a i n  boundaiy ( 1 4 1 ,  Since compressive 
loading  p r i o r  t o  a  t e n s ~ l e  t e s t  rends only ts s l a g h t l y  d l s t o r t  t h e  t e n s i l e  
s t r e s s - s t r a i n  d f a g r m  of. t h e  n ~ e t a l  under cronslderation, one would p r e d i c t  (14) 
t h a t  t h e  s t r e n g t h  of each a s p e r i t y  adhesion Junc t ion  would be approximately tha% 
of t h e  t e n s i l e  s t r e n g t h  of t h a t  meta l  based on t h a t  r e a l  a r ea  of c o n t a c t ,  The 
r e l a t i o n s h i p  of t h e  Junct ion  S t rength  t o  impresssed load  1 s  only through t h e  
a s p e r i t y  deformation necessary t o  expand t h e  c o n t a x  a r e a .  If, f o r  example; 
a tomica l l l y  c l ean  and f l a t  s u r f  a-es  were brought i n t o  in t ima te  con tac t  wi thout  
an impresssed load ,  t h e  J ane t ion  s t r e n g t h  would s t i l l  be t h e  t e n s i l e  s t r e n g t h  
of t h e  meta l  s t i l l  based on t h e  r e a l  contac t  a r e a ,  which i n  t h i s  i d e a l  ca se  
would be t h e  nominal a r e a ,  
Another important aspec t  fox  t h e  cons ide ra t ion  of Equation 7 l i e s  i n  t h e  
f a c t  t h a t  t h e  d i s t r i b u t r o n  8nd t h e  degree of contaminant d i s p e r s a l  i s  a  func t ion  
of t h e  degree of deformation,  A s  a consequence, t h e  c r i t i c a l  f r a c t u r e  s t r e s s  
c  ( a  ) w i l l  vary  with t h e  conzact po in t  a r e a  depending on t h e  moun t  and t y p e  of 
c o n t m i n a n t  p re sen t  a t  t h a t  po in t  and t h e  degree of d i s p e r s a l  exper ienced-by  
t h a t  po in t  dur ing  t h e  compressive mode, S tud ie s  d i r e c t e d  toward t h e  eva lua t ion  
of s p e c i f i c  contaminants and. t h e i r  a b i l i t y  t o  i n t e r r u p t  t h e  adhes ion-process  
ought t h e r e f o r e  t o  be conducted i n  a system i n  which r igorous  c o n t r o l - i s  main- 
t a i n e d  over a l l  secondary Impur i t i e s ,  su r f ace  roughness,  and loading  v a r f a b l e s  
such a s  contac t  t ime,  temperature,  and r a t e ,  One suggested conf igu ra t ion  (11 )  
was t o  eva lua t e  Equation 6 under a tomica l ly  c l ean  condi t ions  a t  va r ious  maxi- 
mum loads  and then  compare -these va lues  wi th  those  observed under one s p e c i f i c a l l y  
contaminated cond i t i on  maintafnlng a l l  of t h e  o t h e r  v a r i a b l e s  cons tan t  i n  t h e  
t e s t  system, e  .g * ,  
n = [ '1 ~ t o m i c a l l y  c lean  
Such an approach and the assumption that the 3nLy change in the system is 
(oC) permits a rathey sxmple analysss, Extenslrre details of the value of 
this assumption and a detailed anaiysls h w e  been presented by Westwood (3310 
The coefficient of adhesion ( a )  was developed (1) as the ratio of the 
fracture load of a dominal adhesion junction t~ that compressive load utilized 
in the formation of the interface, The implnelt assumption is that, on the 
average, the area supporting the load is identical to that which resists a 
tensile force to fracture the system; however, aeccrding to a more careful 
examination this is only the case when absolutely no contamination exists-be- 
tween two metal surfaces, The presence of only a Traction of a monolayer,of- 
contamination on enther surface immediately invokes the necessity to sunmate 
the varying degrees of asperity deformation necessary to generate the real area 
or the application of a complaessf~re force which will generate complete dispersal 
at all points- In equastion form we can use the maximum force in compression 
n 
F = z a i  
max max i j 
as the load to form the junction and Equation 6 that to cause fracture, The 
coefficient of adhesian (a), thus, takes form 
The coefficient of adhesion (a), therefore, may vary from zero to infinity 
depending on the conditions of" the experiment, For example, if atomically clean, 
f l a t  su r f aces  a r e  brought i n t o  f o r c e l e s s  c m t a c z  the densminator approaches 
zero and if any fo rce  of a z r r a c t i o n  e x l s t s  between t h e  two bodies  t h e  numerator 
has a f i n i t e  number and a approaches E n f i n i t y ,  On %he o t h e r  hand, a p e r f e c t  
l u b r i c a n t  reduces t h e  nunera tor  t o  zero  a t  any load  o r  f a )  approaches zero ,  
Wide v a r i a t i o n s  i n  a f o r  t h e  same meta l  system t e s t e d  by d i f f e ~ e n t  experimenters 
under approximately t h e  same e m d a t i o n s  a r e  camon,  e , g ,  i n  t h e  c a s e - o f  copper-  
c f ,  Buckley (34) f o r  l a r g e  a values  and H m  (35 ) f o r  small  a va lues ,  The 
d e f i n i t i o n  of an  a fox each LJ t h  2cnua:t ar an average a a l s o  appears  t o  be  
a f r u i t l e s s  pa th  because of the  d i f f a c u l t y  i n  a s c e r t a i n i n g  e i t h e r - t h e  p r e c i s e  
degree of c o n t m i n a t i o n  of t h e  ij Lh c s n t a c t  o r  t h e  t o t a l  amount of contaminant 
d i spe r s ion  energy a v a i l a b l e  t o  t h e  system necessary f o r  t h e  d i s s i p a t i o n  of t h e  
contaminant l a y e r  which i s  prevent ing  t h e  t w =  a s p e r i t i e s  from welding t o g e t h e r ,  
and e s t a b l i s h i n g  t h e  a f o r  t h a t  a s p e r i t y ,  
I n  t h e  u t x l l z a t i o n  of u a r i a u s  a values  ss r epor t ed  i n  t h e  l i t e r a t u r e ,  it 
would appear t h a t  f o r  t h e  purposes of comparrng d a t a  produced between u l t r a  
c lean  versus  s p e c i f i c a l l y  contaminated su r f aces  whish a r e  produced by one 
i n v e s t i g a t o r  u t i l i z i n g  t h e  same technique f o r  each experfment such a s  i s  done 
i n  t h e  experiments by Gilbu-eath (IT), one could assume a degree of q u a l i t a t i v e  
r e l a t i o n s h i p  between t h e  d i f f e ~ e n t  values of a on s i m i l a r  meta l  couples a t  
corresponding loads  wfthout much e s m r ,  Interrelating d a t a  from d i f f e r e n t  
phys i ca l  systems of s tudy a s  suggested by Rit-cenhouse 136) o r  t hose  between 
d i s s i m i l a r  meta l  couples  a s  used o c c a s ~ o n s l l y  by Buckley (341, however, should 
be considered dangerous s i n c e  F and a" a r e  s t rong ly  dependent on t h e  t e s t  
max 
temperature r e l a t i v e  t o  t h e  a b s d u t e  m e l ~ i a g  temperature,  c r y s t a l  s t r u c t u r e ,  
cohesive s t rengtJh ,  e f r  of %be b u i k  materials as  t~eZlL as t h e  na tu re  of t h e  
contaminants and supface rosghness an t h e  system, The equat ion which i s  used 
when a  comparison of t h i s  type  i s  made Pollaws t h e  form: 
(a) contaminated 
( a )  c l ean  
] values  a r e  equiva len t  and may be where one must assume t h a t  t h e  [C oi (Ai Imax 
cance l l ed ,  I n  r e l a t i n g  two d i f f e r e n t  me ta l s ,  however, the-maximum va lues  can not  
be r e l a t e d  s i n c e  t h e  deformation mechanisms providing t h e  r e a l  a r e a  of con tac t  
a r e  d i f f e r e n t  due t o  t h e  d i f f e r e n t  modes of deformation a s  a r e  t h e  r a t e s  of 
contaminant d i s p e r s a l ,  e t e  , 
Clea r ly  t h e  mechanism of t h e  d i s p e r s a l  r a t e  of t h e  contaminant b a r r i e r  t o  
m e t a l l i c  adhesion i s  t h e  key t o  t h e  o v e r a l l  a n a l y t i c a l  problem; and u n t i l  
q u a n t i t a t i v e  s t u d i e s  which a r e  initiated wi th  a known degree and type  of sur -  
face  contaminant a r e  undertaken,  c o r r e l a t i o n  of d a t a  produced by one inves t iga -  
t o r  i s  not  l i k e l y  t o  agree  i n  d e t a i l  wi th  t h a t  of ano the r ,  Under compressive 
loads below t h e  y i e l d  po in t  of the  m a t e r i a l ,  s e v e r a l  au thors  ( 2 ,  4 ,  6 )  have 
shown t h a t  a  monoiayer of c e r t a i n  contaminants (9, 1 0 )  emanating e i t h e r  from 
t h e  vapor or  by d i f f u s i o n  from t h e  bulk (12) can reduce t h e  adhesion s t r e n g t h  
t o  zero ,  The d e t a i l  wizh which t h e  o r i g i n a l  meta l  su r f ace ,  i , e ,  p r i o r  t o  
s p e c i f i c  contaminat ion,  must be def ined  1s established through t h i s  l i m i t a t i o n ,  
The l a c k  of c l e a r  d e f i n i t f o n  of t h e  moan% and type  of contaminant l a y e r  
p re sen t  on a m e t a l l i c  system p r i o r  t o  snudy has a l s o  i n h i b i t e d  our a b i l i t y  
t o  ga in  any i n s i g h t  i n t o  p o s s i b l e  c ~ s s s - c o r r e l a t i o n s  between d i f f e r e n t  modes 
of energy inpu t s  f o r  eontaminans d ispersa l . .  For example, t h e  c o r r e l a t i o n  of 
adhesion d a t a  produced by t h e  normal load contac t  methods (12 )  can not  be 
p r e c i s e l y  c o r r e l a t e d  wi th  a n o m a 1  con tac t  p l u s  some f r a c t i o n  of t angen t i a l  
motion o r  t h e  eomparfson of normal contact a t  some temperature (T) with t h a t  
a t  (T + 5 0 0 ~ ~ ) ~  If both  of t h e s e  e x m p l e s  could be c l e a r l y  r e so lved ,  a  ra-bher 
s i g n i f i c a n t  s t e p  toward t h e  nnderstanding of t h e  adhesion theo ry  of f r i c t i o n  
could be  made. 
A - r e a l  a r e a  01' con tac t  
A - pro jec t ed  a r e a  o f  contac t  
P  
F - f o r c e  on a s p e r i t y  
F~ - t o t a l  f o r c e  on contac t  a r e a  ( A )  
k - cons tan t  dependent on deformation process  
m - - m a t e r i a l s  cons tan t  
n  - number of a s p e r i t y  cantacxs 
S~ - nominal compressive s t r e s s  
S~ - nominal f r a c t u r e  s t r e s s  
S~ - y i e l d  s t r e s s  
W - impressed normal load  
'max 
- l oad  a t  maxlmum compressive s t r e s s  i n  adhesion cyc le  
x - cons tan t  dependent c~n d e f o m a t l o n  process  
Y - y i e l d  poin t  
a = - adhesion coefficient 
u - t o t a l  s t r e s s  
a  
cs - appl ied  s t r e s s  
c  
u - c r i t i c a l  f r a c t u r e  s t r e s s  
r 
(5 - r e s i d u a l  s t r e s s  
Figure 1: Roll-bonding studfes of various metals in air at-room 
temperature (3 1, The data are presented as the strength 
ratio of the interface bond formed by roll-bonding to the 
solid metal versus percent deformation. 
Figure 2: Variation of the relative strength of Polycrystalline 
metals with the degree of compression ( 3 2 ) .  The ratio of 
the bond fracture stress (sR) to the yield stress ( S  ) is Y 
plotted versus the reduced compressive stress ( S  /S ) , N Y 
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